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Abstract 
Macrophyte decomposition is critical for eutrophic shallow lakes because it can influence the accumulation of the sediment layer 
and lake terrestrialization processes. As three dominant macrophytes in Lake Baiyangdian, N. nucifera (Nelumbo nucifera), P. 
australis (Phragmites australis), and T. latifolia L (Typha latifolia L) have spread quickly and covered a large proportion of the lake 
as a result of water nutrient enrichment over the past 30 years. In this study, we investigated the decomposition processes of these 
three plants using the litterbag method to demonstrate their roles in lake degradation. Decomposition rates of plant tissues (leaves, 
stems, and roots) and whole plants were determined at three sampling sites that had different nutrient levels. The litter samples 
displayed a wide range of decomposition rates. Of all samples, the leaves of N. nucifera decomposed the most rapidly, while the 
stems of P. australis had the lowest decomposition rates. The decomposition correlated significantly with the initial litter 
phosphorus (P) and nitrogen (N) content, and the ratios of carbon (C) to N (C:N) and C to P (C:P), especially the P-related indicators, 
implying a relative shortage of P in the sampled species. Although not as strong as litter quality, site chemistry effects also can be 
observed during decomposition. The site with a high nutrient level in the water body exhibited rapid decomposition and high 
decomposition rates. Interactions of plant tissues (expressed as the differences between observed and expected decomposition rates) 
were tested when we investigated the decomposition processes of the whole plants. Observed decomposition rates of the whole plant 
individuals significantly deviated from the expected rates that were calculated based on the mass losses of plant tissues of the 
corresponding species. The strengths of the interactions varied greatly with plant species. T. latifolia L displayed significantly 
positive interactions among plant tissues, while significantly negative interactions of plant tissues were observed for the other two 
species. Moreover, our results suggest that the interactions of plant tissues greatly vary among the three sampling sites, indicating 
that both the biotic and abiotic characteristics of an ecosystem can be important drivers controlling litter decomposition. 
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1. Introduction  
In a eutrophic lake, high macrophyte production occurs because of nutrient enrichment and plant detritus 
accumulation [1, 2]. When the macrophytes die, the decomposition process begins. Litter decomposition releases 
nutrients and dissolved organic carbon, which temporally increases the nutrient content in the water and accelerates the 
carbon and nutrient cycles. Moreover, incompletely decomposed litter usually accumulates in the sediment layer and is 
thus responsible for increasing the sediment layer, accelerating terrestrialization for a eutrophic shallow lake [2, 3]. 
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Because decomposition is an important process in an aquatic lake (i.e., it governs carbon and nutrient cycling), a 
thorough understanding of this process is important to shed light on litter accumulation in eutrophic lakes and elucidate 
the restoration of aquatic ecosystems [4]. 
Generally, litter decomposition is controlled by litter quality (e.g., initial nitrogen (N) and phosphorus (P) levels, as 
well as the ratios of carbon (C) to N (C:N), C to P (C:P), and N to P (N:P)), environmental conditions, and microbial 
community composition [5-10]. The importance of each factor in regulating decomposition varies between ecosystems. 
Within a eutrophic shallow lake, litter quality is often regarded as the most important factor in determining 
decomposition because moisture and nutrient availability are not constraining [11, 12]. Litter from an enriched lake is 
often characterized as having a high nutrient content due to the high nutrient availability in ambient environments [12-
14]. In this case, the nutrients supplied from litter decomposition are the major nutrient sources for microbial activities, 
enhancing the control of litter quality on decomposition [15].  
Due to the strong influence of litter quality on decomposition, there is an increasing focuse on the interactions of 
litter mixture driven by differences in litter chemistry [9, 16]. Previous studies have found that decomposition rates in 
mixture species significantly deviate from the expected rates based on the additive decomposition of single component 
species in the mixture [7]. Litter with a relatively high amount of nutrients may aid in the decomposition of other litter 
in the mixture and lead to a faster decomposition [9, 17, 18]. Negative interactions are also possible to be detected in 
mixed species [19, 20]. It is believed that in some cases, high amounts of secondary compounds contained in one of the 
component litters may form resistant complexes with proteins and impede decomposition processes. Therefore, one 
hypothesis emerging from these studies is that the mixture effect does not merely exist in interspecific plants; it also 
occurs among plant tissues due to intraspecific variations, such as the different nutrient contents in leaves, stems, and 
roots. Understanding litter decomposition by concentrating on single tissues is often not sufficient to fully explore 
decomposition processes of individual species in natural ecosystems.  
 In this study, we used a eutrophic shallow lake in northern China as a study site, and we analyzed and explained 
how litter quality and the interactions among plant tissues affect decomposition processes. Our aims were: 1) to study 
interspecific differences that induce the variation in decomposition at sites that differ in nutrient content; and 2) to test 
the interactions that exist among tissues during decomposition and how the interactions vary with species. 
2. Materials and Methods 
2.1. Site description  
Baiyangdian is one of the largest shallow lakes in northern China, with a surface area of 366 km2 (Fig. 1). The 
climate in this area is characterized as a temperate continental monsoon climate. Over the last several decades, human 
activities have significantly altered the hydrological conditions and nutrient levels in this area. For example, pollution 
from farming and residents’ lives has enriched nutrient levels in the lake, leading to its eutrophication. Meanwhile, the 
water level decreased, forming a suitable habitat for aquatic macrophyte growth. All of these processes can encourage 
an overgrowth of aquatic plants and an increase in sediment accumulation, accelerating the process of lake 
terrestrialization. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. Location of Lake Baiyangdian and the three sampling sites. 
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Because site chemical conditions in eutrophic lakes may spatially vary due to various pollution sources, three 
sampling sites were selected based on different disturbance intensities (Figure 1, Table 1). The mean nutrient content at 
Caiputai is the lowest because this site experienced only minor disturbance and pollution. Fertilizers are the major 
pollutant at Shaochedian, and the nutrient levels there vary with the farming seasons. Dazhangzhuang, which is the 
closest to populated areas, is a site that receives pollution from both adjacent farmland and residential areas and 
displays the highest nutrient content among the three sites. 
Table 1. Means and standard deviations (SDs) for chemical characteristics of the study sites in Lake Baiyangdian during the experimental period 
from early December, 2009 to late August, 2010. 
 
pH TP (mg L-1) NH4-N (mg L-1) NO3-N (mg L-1) 
Initial Mean Initial Mean Initial Mean Initial Mean 
Caiputai 7.300 7.580 (0.415) 0.004 0.011 (0.007) 0.000 0.089 (0.236) 3.128 1.490 (1.750) 
Shaochedian 7.773 7.843 (0.176) 0.072 0.088 (0.051) 0.000 0.158 (0.332) 0.611 2.372 (3.184) 
Dazhangzhuang 8.289 8.220 (0.261) 0.171 0.203 (0.077) 8.046 3.804 (4.648) 3.985 5.775 (6.333) 
TP: total phosphorus. 
2.2. Decomposition experiments 
Macrophyte decomposition processes were determined in the field using the litterbag method. On September 24, 
2009, 10-15 kg of N. nucifera (Nelumbo nucifera), P. australis (Phragmites australis), and T. latifolia L (Typha 
latifolia L) were collected from the three sampling sites in Lake Baiyangdian for decomposition study. Litters were air-
dried for a week at room temperature. Tissues (leaves, stems, and roots) of the same species were separated from the 
whole-plant individuals. The dry mass ratio of each tissue relative to the entire plant was calculated by averaging the 
mass ratio of six whole-plant individuals. For each species, two types of decomposition experiments were conducted at 
the three sampling sites. One was the plant tissue experiment, in which the decomposition rates of leaves, stems, and 
roots for each species were determined. The other type was the whole-plant decomposition experiment, in which the 
existence of interactions among plant tissues was tested. For this type of experiment, the entire plant was mixed based 
on the dry mass ratios of tissues for the same species. Air-dried litter (5 g), either from a single tissue or whole plant, 
was placed into a nylon litter bag (20 × 15 cm) with a mesh width of 0.5 mm. The bags were placed at sampling sites 
on December 2, 2009, and they were fixed with metal square cages that kept them close to the lake bottom. Three 
replicate bags for each type of litter were collected after 3, 7, 13, 115, 148, 178, 207, and 270 days (the lake was frozen 
for ~14 weeks after day 13) from each site. After the litter bags were retrieved, the samples were cleaned, oven dried (3 
days at 65°C), and weighed.  
The initial nutrient content in the litters was determined from five replicate samples that were randomly chosen from 
each type of litter before placing the samples at the sites, oven dried (3 days at 65°C), and ground. The total C and N 
contents of the initial litter were measured using an Elemental Analyzer (Elementar, Inc., Germany). The total P 
content was analyzed with an Auto Analyzer (Bran+Luebbe GmbH, Inc., Germany). 
2.3. Statistical analyses 
Previous studies demonstrate that the mass loss of litter fits a single negative exponential model. Thus, the model 
proposed by Olson (1963) [21] was used to calculate litter decomposition and determine the decomposition rate (k, d-1): 
                                0
kt
tW W e
                                                                                     (1) 
where Wt is the mass remaining at time t (days), and W0 is the initial mass of the litter. Generally, larger k values 
indicate faster decomposition. 
To test if interaction occurred among plant tissues, we defined the expected mass remaining (Wet). This was 
calculated based on the mass ratio of the tissue in the corresponding entire-species sample and the remaining mass in 
the single-tissue litterbags that were collected in the same plot at the same sampling time [22]: 
1 1 2 2 3 3et t t tW R W R W R W                                                                 (2) 
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where R1, R2, and R3 are the ratios of the initial dry masses for leaves, stems, and roots in the whole plant, 
respectively, and W1t, W2t, and W3t are the remaining masses of these single-tissue samples. Thus, an expected 
decomposition rate (ke) can be calculated using equation (1) with Wet. 
Next, the strength of the interaction, which is used to evaluate mixture effects of plant tissues, was calculated as 
follows: 
 
ri = ko/ke -1                                                                               (3) 
where ko and ke are the observed and expected decomposition rates, respectively. 
The effects of species quality (12 levels) on litter decomposition were analyzed by Pearson correlation analysis 
using SPSS statistical software (version 17.0). This correlation analysis was performed to test the relationships between 
mass loss and initial litter nutrient characteristics, such as N and P contents and the C:N, C:P, and N:P ratios.  
3. Results 
3.1. Initial litter quality characteristics 
Wide ranges in initial litter nutrients were found among the three species, as well as their tissues (Table 2). 
Generally, N. nucifera exhibited high litter quality with high nutrient content. Initial C:N and C:P ratios were the 
highest in the stems of P. australis and were about 10 times greater than those in the leaves of N. nucifera. At each 
species level, the leaves and stems displayed the highest and lowest initial nutrient contents, respectively, except for the 
N and P contents in the leaves of T. latifolia L, which were lower than the nutrient levels contained in the roots of this 
plant. 
Table 2. Initial detritus content characteristics for the three species and their tissues. 
 %C %N %P 
C:N C:P N:P 
 Mean SD Mean SD Mean SD 
N. nucifera          
Leaf 43.231 0.298 2.994 0.068 0.243 0.012 14.440 178.019 12.328 
Stem 37.791 0.452 1.133 0.196 0.115 0.024 33.356 329.172 9.868 
Root 39.902 1.028 1.654 0.226 0.195 0.085 24.126 204.760 8.487 
Whole plant 39.877 0.435 1.808 0.100 0.170 0.011 22.054 235.002 10.656 
P. australis          
Leaf 42.013 0.762 1.971 0.028 0.083 0.020 21.314 503.843 23.639 
Stem 43.605 0.503 0.249 0.082 0.025 0.010 175.383 1757.048 10.018 
Root 38.964 2.904 1.314 0.267 0.076 0.023 29.653 512.381 17.279 
Whole plant 42.502 0.139 0.930 0.227 0.034 0.006 45.675 1239.278 27.132 
T. latifolia L          
Leaf 47.631 1.069 0.691 0.118 0.080 0.006 68.948 595.165 8.632 
Stem 38.285 0.430 0.229 0.058 0.041 0.002 167.231 943.082 5.640 
Root 33.380 1.074 1.119 0.368 0.090 0.015 29.835 371.702 12.459 
Whole plant 39.171 0.371 0.749 0.161 0.074 0.004 52.264 531.007 10.160 
3.2. Initial litter quality characteristics 
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The percentage of mass loss was regressed with initial litter quality factors using Pearson correlation. The mass loss 
was positively correlated with litter N and P contents but negatively related to the C:N and C:P ratios (Table 3). There 
was no statistically significant relationship between mass loss and the initial litter N:P ratio. The mass loss during early 
leaching times (≤7 days) was strongly affected by initial litter N and P contents, as well as the C:N ratio, and the r 
values were significant during the entire experimental period. The initial C:P ratio was the most important litter quality 
factor controlling long-term decomposition (>115 days). The r value increases with time, indicating an increase in the 
C:P ratio corresponding with the percentage of litter mass loss. 
Table 3. Relationships (r) between mean mass loss at the end of decomposition and initial litter quality factors. 
 
Percentage of mass loss at different sampling times 
3 days 7 days 13 days 115 days 148 days 178 days 207 days 270 days 
N content  0.653*  0.784**  0.665*  0.730**  0.732**  0.771**  0.711**  0.748** 
P content  0.736**  0.776**  0.617*  0.781**  0.749**  0.777**  0.675*  0.771** 
C:N ratio -0.595* -0.773** -0.741** -0.651* -0.692* -0.676* -0.671* -0.633* 
C:P ratio -0.574 -0.687* -0.632* -0.763** -0.808** -0.846** -0.854** -0.903** 
N:P ratio -0.065 -0.112 -0.156 -0.126 -0.096 -0.125 -0.076 -0.194 
*P < 0.05, and **P < 0.001. 
3.3. Decomposition processes and interactions among plant tissues 
Decomposition processes expressed as mass loss during the experimental period displayed evident differences 
among the three sites and 12 species levels (Table 4). Decomposition occurred the fastest at Dazhangzhuang (mean 
mass loss at the end of the experiment was > 60%), while Caiputai displayed the slowest decomposition. At the species 
levels, N. nucifera was the fastest species to decompose, especially its leaves, which lost almost 80% of their initial 
mass during the last sampling period.  
Decomposition rates were fitted with single exponential regressions, and we found that the ranges of the rates varied 
from 0.0018 to 0.0067 d-1. The leaves displayed the highest decomposition rates in N. nucifera and P. australis, while 
the root decomposed the fastest in T. latifolia L. Averaged over the litter types, the rank of decomposition rates from 
the slowest to fastest were P. australis, T. latifolia L, and N. nucifera. Notably, the decomposition rates were consistent 
with the mean nutrient levels of the individual sites. 
The observed decomposition rates of whole plants based on the field experiments significantly deviated from the 
expected rates that were calculated by the additive decomposition of component tissues (Fig. 2). The strengths of the 
interactions varied with species types. For example, positive interactions were found in T. latifolia L, while negative 
interactions occurred in P. australis and N. nucifera. Additionally, the non-additive effects among plant tissues greatly 
varied among the three study sites. A stronger positive interaction or a weaker negative interaction could be observed 
in the mixed samples with increasing water nutrient content. 
4. Discussion 
The results of this study demonstrate that litter quality factors impose significant effects on decomposition processes. 
The percentage of mass loss is highly correlated with P-related factors, such as P content and the C:P ratio, and the 
controls increased with time. In this study, the best indicator of litter quality was the litter C:P ratio, which explained 
90% of the mass loss at the end of experimental period. Our results support the hypothesis provided by Rejmánková 
and Sirová (2007) [23] that decomposition is stimulated by improving the P balance in ecosystems. It has been reported 
that the optimum ratio of C:N for microbial growth is 25, and the optimum ratio of N:P is between 10 and 14, 
indicating that a range of 250 to 400 encompass the proper C:P ratio [24, 25]. Most of our litter had an initial C:P 
ratio >400, and the mean C:P ratio value was 616.705, which considerably exceeds the optimum C:P ratio and implies 
a relative shortage of P in litter for decomposers [6]. In this case, controlling the litter P content and C:P ratio may 
enhance decomposition and play a more important role than N-related indicators [5]. 
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Table 4. Detritus mass remaining at the end of the experiment and decomposition rates (k) at Caiputai, Shaochedian, and Dazhangzhuang. W 
indicates the percentage of remaining biomass at the end of the experiment; data in brackets represent the coefficient of determination by single 
exponential regression. 
 W (%)  k (d-1) 
Caiputai Shaochedian Dazhangzhuang  Caiputai Shaochedian Dazhangzhuang Mean SD 
N. nucifera          
Leaf  25.229 22.340 19.521  0.0052 (0.75) 0.0065 (0.87) 0.0067 (0.92) 0.0061 0.0008 
Stem 32.181 36.393 35.421  0.0041 (0.78) 00046 (0.78) 0.0045 (0.85) 0.0044 0.0003 
Root  34.632 34.408 38.456  0.0047 (0.62) 0.0044 (0.69) 0.0041 (0.52) 0.0044 0.0003 
Whole 31.993 36.100 29.507  0.0036 (0.42) 0.0040 (0.87) 0.0046 (0.92) 0.0041 0.0005 
P. australis         
Leaf  36.705 32.886 33.098  0.0038 (0.76) 0.0043 (0.86) 0.0044 (0.90) 0.0042 0.0003 
Stem 62.172 62.450 60.859  0.0018 (0.67) 0.0018 (0.60) 0.0018 (0.66) 0.0018 0.0000 
Root  47.953 40.546 37.232  0.0033 (0.66) 0.0039 (0.52) 0.0039 (0.86) 0.0037 0.0003 
Whole 54.682 57.932 56.669  0.0018 (0.66) 0.0021 (0.78) 0.0021 (0.92) 0.0020 0.0002 
T. latifolia L          
Leaf  44.070 51.492 45.983  0.0023 (0.77) 0.0024 (0.87) 0.0026 (0.94) 0.0024 0.0001 
Stem 45.736 38.749 40.455  0.0023 (0.86) 0.0034 (0.97) 0.0033 (0.96) 0.0030 0.0006 
Root  43.990 29.006 21.715  0.0034 (0.72) 0.0056 (0.84) 0.0061 (0.93) 0.0050 0.0014 
Whole 50.219 36.294 32.895  0.0030 (0.72) 0.0041 (0.85) 0.0044 (0.90) 0.0038 0.0007 
 42.928 40.636 37.422  0.0033 0.0039 0.0040   
 11.911 13.506 13.250  0.0011 0.0014 0.0015   
 
Initial N-related indicators, such as N content and the C:N ratio, were also well correlated with mass loss and 
displayed significant controls on decomposition processes. Litter N content is important in determining decomposition 
by influencing the growth and activities of microbes during the mineralization of organic C [25]. The litter C:N ratio 
has been regarded to be an excellent predictor for decomposition since the 1920s, and fast decomposition is positively 
related to low a C:N ratio [25-27]. According to Rejmánková and Houdková (2006) [12], a C:N ratio between 20 and 
50 is a good indicator of decomposition rate and displays a linear negative correlation with decomposition rates. Our 
litter had initial C:N ratios in the range of 14 to 175 with a mean value of 57, which is higher than the proper range for 
being a good predictor. This is likely one explanation for the relatively weak relationship between the litter C:N ratio 
and mass loss.  
Decomposition rates are thought to be markedly influenced by litter quality. The decomposition rates in this study 
varied between 0.0018 and 0.0067 d-1. N. nucifera was the most rapidly decomposed species, with a decomposition 
range of 0.0036 to 0.0067 d-1, which is within the range determined for the same Nelumbo genus (0.0030 to 0.0108 d-1; 
Hill (1985) [28]). Leaves of N. nucifera displayed the highest decomposition rates, and this is consistent with them 
having the highest litter N and P contents and the lowest C:N and C:P ratios. Samples of P. australis displayed 
relatively low decomposition rates compared to the other two species. Stems of this macrophyte exhibited the lowest 
decomposition rates, which may be caused by their high lignin and cellulose content, while P. australis leaves 
decomposed the most rapidly, in accordance with their relatively high N and P content [27].  
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Fig. 2. Mean percentage of observed dry mass remaining (O.) and expected dry mass remaining (E.) in the mixture species over the 
experimental period from Caiputai (C.), Shaochedian (S.), and Dazhangzhuang (D.) in Lake Baiyangdian. P indicates the statistical 
difference at the end of the experiment between observed values and expected ones. The solid line and the equation were calculated 
with a single exponential model for detritus decomposition. 
 
Our results confirm the hypothesis that interactions also occur among plant tissues, causing a deviation of observed 
decomposition rates for whole plants from expected rates (P < 0.05). The strengths and signs of interactions varied 
dramatically among different species, indicating that initial litter characteristics play important roles in regulating litter 
mixture effects [7, 29]. T. latifolia L displayed significantly positive interactions among different tissues. Similar to the 
interactions in mixed species, the strong non-additive positive effects may be explained by the high-quality tissues, 
such as the root of this species, aiding decomposition processes by transferring nutrients to the relatively low-quality 
tissues of other species [9, 16, 18, 30, 31]. However, this effect does not occur in P. australis and N. nucifera, and from 
our results, the observed decomposition rates of whole plants are lower than expected. The relatively low content of N 
and P and high C:N and C:P ratios in stems, which implies high levels of secondary compounds contained in the litter, 
may account for these negative effects [19, 20]. According to Hättenschwiler and Vitousek (2000) [20], high levels of 
secondary compounds can affect microbial activity and composition, as well as alter N availability by complexing 
proteins, and as a result, retard the decomposition processes. 
We also found considerable differences in decomposition among the three study sites, although the variations are 
lower than those that existed among species. High nutrient levels in the water column, such as at Dazhuangzhuang, 
allow for rapid decomposition and high decomposition rates. Recently, studies on the effects of site chemistry on 
decomposition have found different roles for site nutrient conditions. Hobbie and Gough (2004) [32] found that 
decomposition rates at a high nutrient site was nearly twice than that at a relatively low nutrient site, and the limiting 
nutrient is N. On the contrary, Rejmánková and Houdková (2006) [33] suggested that higher P availability contributed 
to higher microbial biomass and faster decomposition rates. pH is another factor that influences microbial activities and 
compositions and, consequently, affects decomposition rates [32, 33]. Meanwhile, site quality controls both 
decomposition rates and the magnitudes of interactions between plant tissues [29, 34]. Here, for all species, the 
strengths of positive non-additive effects increased or negative non-additive effects decreased with elevated nutrient 
levels in ambient environments, which is similar to the results of Jonsson and Wardle (2008) [29]. This further 
demonstrates that high nutrient levels contained at sites stimulate the growth and activities of decomposers and, 
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therefore, increase the decomposition of plant mixtures. Clearly, these decomposition processes are specific for various 
ecosystems, and further studies are required to reveal the most important site chemical characteristics in Lake 
Baiyangdian. 
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